Insights into the evolution of the Yenkahe resurgent dome (Siwi caldera, Tanna Island, Vanuatu) 
Introduction
Vanuatu is a 1200 km-long volcanic arc located in the south-west Pacific, resulting from the eastward subduction of the Australian plate beneath the Pacific plate. In the southern segment of the arc, at the latitude of Tanna, the convergence rate reaches~12 cm/year (direction N69) and the associated back-arc extension rate of the North-Fiji basin, to the east, is~4 cm/year (Pelletier et al., 1998; Calmant et al., 2003) . Tanna Island is approximately 2.5 Ma old (oldest rocks are from late Pliocene; Carney and Macfarlane, 1979) and was constructed by successive phases of volcanism and reef limestone growth. The Siwi Group, to the southeast of the island (Fig. 1A) , dated from upper Pleistocene to present, is composed of pyroclastic deposits and associated lavas, mainly andesites to basaltic andesites. A moderate volume eruption (1-2 km 3 ), still undated but estimated to be as young as a few tens of ka, formed the Siwi caldera and the associated ignimbrite (Nairn et al., 1988; Allen, 2005) . The Siwi caldera (N24 km 2 ) is defined on land by a more or less rectangular ring fracture (Carney and Macfarlane, 1979) and extends offshore between Ipikel (also named Sulphur Bay) and Port Resolution (Fig. 1B) .
The Siwi caldera is a remarkable example of caldera unrest as it hosts the rare association between one of the most active volcanoes of the archipelago, Mount Yasur, and the impressive Yenkahe resurgent dome. Given the small amount of lava emitted by the Yasur volcano, Metrich et al. (2011) proposed that the high SO 2 degassing rates (630 t/day on average over the past 5 years, Bani et al., 2012) could be associated with an intrusion rate of 5.10 7 m 3 /year of basaltic magma in the Siwi area. Located in the middle of the caldera, and elongated in the same direction (~N67), the Yenkahe dome is about 5 km long, 3 km wide, and 200-300 m high (Fig. 1B) . The Yenkahe dome represents one of the most spectacular examples of presently active postcaldera resurgence. The last uplift occurred during two strong local earthquakes in 1878 (not felt 20 km away, Paton and Paton, 1894) , resulting in a 10-meter elevation of the bay of Port Resolution. 230 Th/ 234 U dating performed on coral samples from terraces on the eastern part of the Yenkahe dome revealed a mean uplift of 156 mm/year over the last 1000 years (Chen et al., 1995) . Like other examples of resurgent domes (e.g. Long Valley, Battaglia et al., 2003; Yellowstone, Miller and Smith, 1999; Husen et al., 2004) , Yenkahe is probably related to shallow magma intrusion processes generating rapid surface deformation and possible destabilization of the edifice, as observed for instance at Ischia (Tibaldi and Vezzoli, 2004) .
The latest structural analysis of the Yenkahe dome was carried out by Merle et al. (2013) . Their study principally relied on field observations, relatively limited by the dense vegetation, satellite images, and existing low-resolution digital elevation models (DEMs) such as SRTM (90-m resolution) and Aster 2nd generation (30-m resolution). They made a clear distinction between the western and eastern parts of the dome. The western dome ( Fig. 2A ) exhibits a 1-km wide graben delimited by 40 to 60 m-high normal faults in the field (the Yenkahe North Fault, YNF, and the Yenkahe South Fault, YSF). The graben position is asymmetrical, with the northern flank of the dome being shorter and steeper than its southern counterpart. The graben is interrupted to the west by the semi-circular ring faults of a small caldera (Paleo-Yasur caldera,~4 km in diameter; Fig. 2A ) in which the Yasur cone is now established. Finally, in this western part of the dome, the graben is affected by a few westward-dipping transverse normal faults (T 1 , T 2 and T 3 ). The vertical displacement of these faults, probably posterior to the graben, is not mentioned. The eastern part of the dome, to the east of T 3 , exhibits a different pattern. The graben is replaced by a network of perpendicular longitudinal and transverse normal faults on a relatively flat dome roof (Fig. 2B) . Transverse faults are still dipping westward. These differences between the eastern and western fault patterns and the geometry of transverse normal faults led Merle et al. (2013) to propose a recent uplift of the eastern dome relative to the western dome. Such a process may be explained by the eastward migration of a magmatic body at depth. Finally, the presence of landslide scars is mentioned by these authors above Ipikel and coarsely defined on the eastern side of the dome (Fig. 2B) .
Recent advances in publicly available high-resolution Google imagery allow the mapping of interesting visible features within the caldera (Fig. 1B) . Unvegetated areas on the Yenkahe dome itself may be mapped as hydrothermal areas; most of them were visited during a field campaign in 2012 and correspond to hydrothermally altered ground affected by high temperatures (40-100°C). The density of these areas on the eastern side of the dome reflects a higher hydrothermal activity level in comparison to the western side.
Other features, such as populated areas in and around the caldera were also mapped, based on the identification of individual and collective buildings (churches, schools). These populated areas (and tourist lodges) are scattered around the dome and along the coast, which makes them vulnerable to direct and indirect consequences of potential landslides. Roads between the airport and the volcano or the south of the island, used by both locals and a great number of tourists each day may also be affected by this type of event. In spite of its relevance in terms of resurgence processes and associated hazards, the Yenkahe dome remains poorly studied because of its remote location and difficult field work conditions (lack of infrastructures, density of vegetation). Unfortunately, further structural research in the area has been limited by currently available digital elevation models (DEMs).
Photogrammetry is a method based on image processing that produces 2D and 3D reconstructions, digital terrain models (DTM), digital surface models (DSM), orthoimages and classification of objects, at relatively low cost in comparison to other methods (Terrestrial Laser Scanner, LIDAR, etc.). This technique is used in a great variety of disciplinary fields (geography, geology, biology, archeology, mining activities, etc.) for mapping, conducting morphological studies or monitoring displacements. Though the "Structure from Motion and Multiple-view Stereophotogrammetry" method (SfM-MVS) is not new, applications to geosciences, and particularly volcanology, are relatively recent (e.g. James and Robson, 2012; James and Varley, 2012; Gomez, 2014) . This paper presents another useful contribution of this photogrammetric method, that of the 3D reconstruction of the Yenkahe resurgent dome, within the Siwi caldera. Mapping of the topographic variations on the dome can be interpreted in terms of tectonic and collapse structures. Volume estimations for the dome itself, as well as for recognized sector collapses were also carried out, as critical parameters to better constrain the growth process and the related hazards in the area.
Method

Aerial photography and ground control points
A high resolution photographic campaign was carried out in November 2011 over the Yenkahe dome. More than 7000 photographs were taken within a week using a Canon EOS 5D on board a Lake Buccaneer aircraft flying 100-200 m above the topography (Fig. 3A) . Different focal depths were used (24-70 mm), but most photographs were taken using a wide angle lens. Each photograph corresponds to 21 million pixels, generally resulting in a ground resolution of a few tens of centimeters. Camera positions were referenced using a camera-synchronized standard GPS (handheld Garmin Etrex 30) for purposes of 3D reconstruction. Aircraft tracks were chosen in order to photograph structures under very variable view angles, in a strategy of "Structure from Motion" photogrammetric processing (James and Robson, 2012; Westoby et al., 2012; Gomez, 2014) . In order to calibrate the model elevation, the standard GPS position of 23 visible ground control points were acquired in July 2012, and 4 additional points were chosen on the shoreline with an elevation set to zero (relying on satellite images). The validity of the ground control points measured in 2012 (Fig. 3B ) may be questioned, as significant deformation may have occurred on the Yenkahe dome within the intervening eight months. However, an independent differential GPS campaign, involving the repetition of measurements on Yasur and the Yenkahe dome (vegetation-free areas) in August 2011 and July 2012, has shown that displacements were in the order of magnitude of a few centimeters between the two periods. This deformation has no significant influence on the reconstruction of the structure analyzed here.
Photogrammetry
Photographs were sorted in order to dismiss the ones acquired under bad weather or low-angle oblique light conditions. A hierarchy of relevance was assigned to the rest of the set to favor continuous series of overlapping photographs offering a broad coverage of the Yenkahe dome under stable and favorable light conditions. About one thousand georeferenced photographs were chosen to cover the area, favoring a regular mesh and different view angles (Fig. 3C) .
3D reconstruction was performed by a "Structure from Motion and Multiple-view Stereophotogrammetry" method (e.g. Fonstad et al., 2013) using the commercial software Agisoft Photoscan 1.0.4© following a 4-step procedure. First, a great number of points (between 35,000 and 40,000) were identified from the pixel pattern of each photograph. Then, during the alignment phase, the relative geometries of the points were compared on overlapping views in order to adjust the position and view angle for every photograph. The bundle adjustment algorithm used in the Structure-from-Motion method resolves both the 3D geometry of the scene and the camera positions and orientations at the same time. For this purpose, geometrical deformation on the periphery of the photographs was automatically corrected and camera GPS positions facilitated the computation. Initial resolution of tiff photographs (120 Mo) was kept without any degradation, in spite of long computation time, in order to preserve the quality of picture alignment. From this, a cloud of points was generated, and densified by the multiple-view algorithm. Point scattering, generally linked to remaining peripheral deformations on photographs, was identified on the criterion of low density of homologous points and filtered. Finally, a 3D model mesh was computed from the dense point cloud, converted to a grid, and textured from a mosaic of pictures. A one-meter resolution orthophotograph and a two-meter resolution digital surface model (DSM) were produced from the selected set of one thousand highresolution photographs, offering a 3D reconstruction of the Yenkahe dome and the Siwi caldera, together with georeferencing of visible features.
The point cloud and subsequent 3D model were georeferenced by both camera positions and ground control points. After obtaining the best fitting spatial referencing by tilting the model and applying homogeneous deformations, the algorithm returns position errors (several meters to a few tens of meters); low standard-GPS accuracy is, to some extent, compensated by the great number of points (see Fig. 4 ). The accuracy of the DSM (referred to as Uncorrected Photogrammetric DSM) was assessed by comparing the elevation values of 35 GPS stations located in unvegetated areas of the dome and the Yasur volcano to the elevation given by the independent differential GPS (DGPS) campaign carried out in 2011 (Section 2.1). DGPS elevation values were obtained by measuring ellipsoidal heights (WGS84) with a 5-cm precision and correcting these values from the geoid height based on the UNAVCO model (http://sps.unavco.org/geoid). Such a comparison was carried out for SRTM and Aster DEMs as well (Fig. 4) . The precision of the different models was estimated through a root mean square error (RMS; Fig. 4 ).
The linear relationship between uncorrected photogrammetric DSM elevations and DGPS elevations were used to apply a secondary correction leading to a final photogrammetric DSM with a maximized accuracy. Accuracy and precision are of course lower and much more heterogeneous outside the dome area, as a consequence of the photograph set geometry.
Volume estimations and tsunami modeling
Volume estimations were performed by calculating the volume difference between the final photogrammetric DSM and the DSM obtained by erasing the dome (for dome volume calculation) or filling the collapse scars artificially (for the collapse volume calculations). Lateral limits of these structures were defined by structural analysis. These volume calculations relied on numerical integration (trapezoidal rule) performed with Surfer 10© (Golden software). Considering that vegetation generates a constant elevation offset over the area, no related correction was applied.
The presence of small collapse scars directed toward the sea suggests the possibility of a tsunami generated from the eastern side of the Yenkahe dome. Unfortunately, very little is known about the bathymetry around the south-east coast of Tanna, as no high-resolution survey has been carried out yet. Such bathymetry data would provide better constraints on the geometry and volume of these collapses offshore and would help in devising well-constrained tsunami scenarios. However, a rough estimate of the propagation time and the wave run-up along the coast can be made based on our current state of knowledge. For this purpose, the low-resolution bathymetry obtained by the EVA (Evolution des Arcs Insulaires) program (Monzier et al., 1984) was linked to the photogrammetric DSM, by a simple kriging and smoothing process. Constraints on the area of Port-Resolution bay were deduced from current boat anchorage at a maximum depth of 5 to 7 m. In order to estimate the wave amplitudes and the propagation of a tsunami generated by a potential collapse, simulations were performed using the two-fluid numerical model Volcflow. This code simulates both landslide motion and water surface displacement using the general shallow water equations of mass conservation and momentum balance. Debris and water are treated as two separate fluids (no-mixing) with a constant density over time (2000 and 1000 kg/m 3 , respectively). Debris density is reduced when the landslide is in the water. Details about the Volcflow code and other application examples may be found in Kelfoun et al. (2010) and Giachetti et al. (2011) . Fig. 5A . The linear correlations between DSM/DEMs and DGPS elevations gives an idea of the accuracy of the models (perfect accuracy being represented by a linear fit equation y = x). The precision of models may be estimated qualitatively from point scattering relative to the linear fit, and quantitatively by a root mean square error (RMS) calculated between real values and the fit. On both accuracy and precision aspects, the uncorrected photogrammetric DSM appears to be the best model (Fig. 4) , with typical errors of 2-3 m compared to DGPS.
Results and interpretation
The uncorrected DSM was then corrected from the linear fit equation to obtain a final photogrammetric DSM. This DSM is compared to SRTM and ASTER DEMs on Figs. 5A-C. Culminating points are indicated on the three models (392 m, 373 m and 371 m, respectively). All models agree on the (x, y) location of the point but the DSM and DEMs exhibit a Fig. 4 . Comparison of elevations given by models (uncorrected photogrammetric DSM, SRTM and Aster DTM) to elevations acquired by DGPS at 35 stations (see Fig. 5A for locations). The best linear fit and the root mean square error (RMS) characterizing scattering from this fit are given in each case.
20-m elevation discrepancy. However, the Photogrammetric DSM is consistent with the maximum elevation given by the latest topographic survey of the area, which is 391 m (Vanuatu, 1:50000, 2007 -Topographic map of Port Resolution, Vanuatu -1916911 -X721 -Edition 1-VDLS). Elevations along the coastline (Fig. 5A-C) , defined from orthoimages (photogrammetric and Google imagery), were extracted from the three models for comparison. These elevations should be close to zero in an ideal model, but steep topographic slopes along the shore may generate errors. The three histograms of elevation values are given in Fig. 5D , showing that errors are much lower (b10 m) in the photogrammetric DSM. We may conclude that this DSM is much better constrained and more reliable for minimal and maximal elevations in comparison to SRTM and Aster DEMs.
Elevation variations were compared along a transverse profile P for the three models (Fig. 5E ). While being consistent with smooth topographic variations given by SRTM and Aster DEMs, the Photogrammetric DSM profile exhibits a much better precision. The complete elevation map of the DSM can be found in Fig. A .1 (Appendix A -Supplementary online material). Apart from b15 m-irregularities, surface variations of the DSM reflect real topographic variations. Such an approximation is based on the hypothesis of a globally homogeneous thickness of the vegetation cover. Such an assumption appears reasonable given our observations from aerial photographs and in the field (concerning both vegetation cover and topographic variations).
Topographic steps characterized by asymmetrical steep slopes may then be interpreted in terms of faults or collapse scars (Figs. 5E, 6 ), especially when they represent continuous lineaments over several hundreds to thousands of meters on the map. Such lineaments may be demonstrated by the slope map of the area and apparent dip directions may be inferred from longitudinal (N67, dome direction) and transversal (N337, perpendicular) surface derivatives of elevation in the area (Fig. 6B-D) . Below, the vertical displacement along interpreted faults will be estimated from the geomorphological vertical separation of faulted blocks. This apparent displacement does not take into account the possible effect of events subsequent to faulting (erosion, etc.).
Analogue models of resurgent domes show the development of a depression on top of the dome along the growth, which generally takes the form of a longitudinal graben in nature (Acocella et al., 2001; Brothelande and Merle, 2015) . Linear longitudinal features affecting the dome were thus interpreted in terms of normal faults forming a longitudinal graben (Fig. 6E) . Three categories were distinguished as a function of fault offset determined from the DSM. The Yenkahe North fault (YNF) and Yenkahe South fault (YSF) qualify as major faults with an apparent vertical displacement of 50 m over a significant portion of their length. The displacement actually reaches 93 m for the YNF, and 57 m for the YSF. The majority of faults on the dome fall into the category of moderate faults, with an apparent vertical displacement of between 10 and 50 m. Lastly, minor faults indicated in dashed lines on Fig. 6E are characterized by vertical displacements of less than 10 m. As noted by Merle et al. (2013) , the graben is not symmetrical, which is confirmed by the fact that the vertical displacement of southward dipping faults (YNF and others) is generally greater than that exhibited by northward dipping faults (Figs. 5E, 6E ). The master faults of the graben vanish toward the east, adopting a curved shape, resulting in a flared shape for the central part of the graben. However, the graben itself does not vanish as it is still defined by moderate longitudinal faults until the eastern dome end. This graben continuity is notably easier to observe on 3D views, such as Fig. 7 . Though most longitudinal faults exhibit a N70 trend, some segments are oriented~N33, so that the graben seems slightly bent in its central part (Figs. 6E, 7) .
A second set of linear faults, with apparent normal kinematics, developed perpendicularly to the dome axis (Fig. 6E) . This transversal extension affects the top of the dome, resulting in a perpendicular fault pattern within the graben, as well as on the dome flanks. In contrast to the longitudinal extension, this extension is highly asymmetrical, with 80% of the transverse faults dipping toward the WSW. In terms of chronology, the longitudinal faults tend to exhibit a smaller vertical displacement, or even disappear when crossing transversal faults, especially on the western part of the dome (around T1 and T2, see Fig. 6E ). Therefore, the transverse faults appear to be more recent. However, this chronology is not perfectly clear and the two sets of faults may have been activated alternately.
Ring faults can be identified (curved shape, delimiting a flat area) on the border of the Siwi caldera, and on the western part of the dome, curved around the Yasur cone (Figs. 6E, 8) . A classification of ring faults based on the offset was adopted in a similar way to linear normal faults. In spite of the lower precision characterizing the periphery of the dome, the Siwi caldera ring fault is well identified on the photogrammetric DSM, and its location shows a perfect consistency with the previous mapping inferred from the low resolution SRTM DEM and satellite Fig. 7 . View of the 'landscape' of the Yenkahe dome and Yasur volcano (photogrammetric orthophotograph wrapped on the photogrammetric DSM). View from the ENE (N80, 30°tilt), Z factor = 1. Some of the dome striking features are indicated in white.
images shown in Fig. 1 . The north-eastern portion of the Siwi ring fracture is very well defined, and the apparent vertical displacement reaches 80 m. Since the lower part of the fault is occupied by the Siwi River, the contribution of vegetation should be removed, and the maximum vertical displacement is reduced to approximately 70 m. In contrast, in the southern portion of the fault, the vertical displacement remains around 10-20 m. Nonetheless, part of the southern displacement might be hidden by eruptive products from the Ombus cone. Around the Yasur cone, ring faults have been identified since the pioneering work by Carney and Macfarlane (1979) , defining the small Paleo-Yasur caldera (less than 2 km in diameter). The collapse of the southern portion was accommodated by two concentric faults of approximately 20 m and 10 m in vertical displacement (Figs. 6E and 8) . The outer ring fault is bordered by a hydrothermal area, suggesting that this fault may be a guide for hydrothermal circulation. This fault interrupts a more or less radial system of erosional gullies that can be identified by symmetrical slopes (Fig. 6B) The eastern border of the dome reveals the presence of numerous horseshoe-shaped structures, interpreted as collapse scars (Figs. 6E, 7) . These scars intersect one another, indicating multiple small amplitude destabilization episodes toward the east, the north-east and the southeast. The shape of the coast itself, indented with small bays, suggests that it has probably been affected by several even larger collapses. Additionally, a large scar (MS; Fig. 6E ) seems to affect nearly a third of the dome. Almost continuously defined, and locally highlighted by parallel scars, this structure is characterized by a relative drop of the eastern block by up to 20-30 m. This scar most probably represents large-scale, maybe slowly ongoing, destabilization. Other destabilization scars are present on the northern flank of the dome where they tend to be more linear (and parallel to the graben and flank systems). Their identification as scars (and not faults) is based on their location on potentially unstable slopes (higher portion of the flank) and the northward-directed sluggish shape of the dome flank below (Fig. 6E) . The precision of structural mapping over the dome is naturally limited by b10 m irregularities in the canopy surface. In contrast, high-resolution photogrammetry provides a much higher precision in the Yasur area (apart from the inside of the crater). Deposits from repeated instabilities (1975 and 1919 landslides; Fig. 8 ) can be observed, characterizing ash cone landslides toward the north and west over the Siwi caldera floor. To the south and the east, the Yasur cone lies on the Yenkahe dome (affected by the Paleo-Yasur caldera) and on the relicts of an old tephra cone named the Paleo-Yasur cone. The south of the cone is indented by a field of recent lavas probably emplaced from a basal fracture or vent (proposed by Nairn et al., 1988) . To the south of this lava field, a morphological unit located inside the Paleo-Yasur caldera, concentrates hydrothermal areas (Fig. 8) . Outcrops along the pathway up to the volcano suggest that this unit may be a very altered scoria cone, perhaps similar to the Paleo-Yasur cone. Recent lavas were emplaced between these two relicts.
Discussion
The high-resolution DSM draws a large panel of information that can be used for a variety of purposes, including a better understanding of the dome formation mechanisms and a clearer assessment of the related risks.
Fault patterns and dome dynamics
Unlike satellite images, 3D-reconstitutions allow for an unambiguous determination of relative movements of blocks, and the quantification of fault displacements. With a northern offset approximately six times greater than the southern one, the morphology of the Siwi caldera ring fault exhibits a strong north-south asymmetry (Fig. 6E ). This asymmetry evokes a trapdoor forming process (Lipman, 1997) . The caldera fault delimits a relatively flat caldera floor. The dome rises from this flat floor with slopes of up to 40-50°to the north and 15-30°to the south. The confined nature of deformation within the caldera suggests the implication of faults in the resurgent process. Indeed, the study of old eroded systems (e.g. Grizzly Peak caldera, Fridrich et al., 1991;  Chegem caldera, Gazis et al., 1995) as well as analogue models (e.g. Acocella et al., 2001) show that resurgent domes are limited by reverse faults. The intersection of such faults with the topographic surface probably constitutes the dome borders defined on Fig. 6E .
The top of the dome is occupied by linear longitudinal faults forming a slightly curved axial graben (Fig. 6E ). This graben most probably reflects the surface extension related to the dome formation. It can be considered as a primary structure but may continue to extend while dome growth is ongoing. Contrary to the first observations carried out by Merle et al. (2013) , we argue that the graben may be considered as almost longitudinally continuous (Fig. 7) , as observed in analogue models of doming related to elongated intrusions (Brothelande and Merle, 2015) . As noted by Merle et al. (2013) , this graben, as well as the whole dome, is affected by a NS asymmetry, which may reflect a trapdoor growing process.
Transverse normal faults present all along the dome are most likely subsequent to the graben formation, or operate alternately. The great majority of westward dipping faults (80%) confirms the observation of Merle et al. (2013) , and subsequent hypotheses of a relatively recent uplift of the eastern dome side relative to the western side. Hydrothermal areas on top of the dome mapped from orthoimages are much more numerous on the eastern dome showing its high level of activity (Fig. 1) . Precise mapping and quantification inferred from photogrammetry thus confirm most of their general observations. Yet, the history of the dome should also take into account the numerous collapses newly demonstrated by the photogrammetric DSM (see Section 4.3). Related collapse scars notably render the eastern dome's structural pattern very complex.
Even if the nature of the deformation source is not known (probably magmatic; Nairn et al., 1988) , its total volume may be approximated, based on the assumption that it corresponds more or less to the volume of the dome raised above the Siwi caldera floor. An estimation made from the digital surface model gives a volume of ca. 2.2 km 3 for the whole subaerial edifice constituted by the Yenkahe dome and the adventive ash cones (Yasur and Ombus). Removing the contribution of both cones, this estimation can be refined to ca. 2.1 km 3 , although this value does not take into account the quantity of material lost during collapse events.
Morphology of the Yasur and former edifices
The Yasur cone is built from the ash expelled during explosions currently occurring every few minutes. Its asymmetric edification (Fig. 8) is due to both its location on the western edge of the dome and to the north-westward direction of the dominant winds carrying the ash. Such a construction becomes unstable when it reaches a critical slope of approximately 30°. Landslide scars and deposits on the northern (1975) and the western (1919) flanks of the cone suggest that these small events may occur every few decades, if the ash emission rate remains comparable to the current one. The northern flank, with slopes of more than 30°(31-32°), appears to be the most unstable, threatening road users passing close to the volcano. Indeed, the lower parts of the northern and western slopes host the route for the vehicles carrying the tourists from the airport to the volcano every day (Fig. 8) .
On the summit area, the presence of ash clouds on many photographs, and the deviation of light rays by high temperatures make the 3D reconstitution of the crater rather delicate. However, we believe that the general geometry remains valid, as it is consistent with observations from the 2012 field campaign. Comparison with the Yasur crater morphology records shows that the shape of the main crater rim has been stable over the past decades (Fig. 9) . Inside the crater, the vent configuration is relevant in terms of dynamics and orientation of the explosions, and should be taken into account for the protection of tourists enjoying the Yasur explosions from the crater rim every night. Multiple vents, in different pit-craters, have always existed, and their morphology has continued to change rapidly (Fig. 9) . In 1986, Nairn et al. (1988) reported the presence of three aligned vents (A, B, C), two of which (A and C) were located in two pit-craters. In 1991, five vents were identified (A, B, B′, B″, C), located in two large pit-craters (GVN, 1991) . Between 1996 and 1998, the number of vents changed from four to two as the sub-crater geometry was reorganized. Significant changes even happened on much shorter timescales. In 1997, S. O'Meara and R. Benward reported the merging of the two central vents of the southern crater into a single one within 24 h (GVN, 1997a) . In 2011, three vents were active: A and B located in the southern pit-crater, and C centered in the northern one (Fig. 9) . A small lineament, going from the northern pit-crater toward the south-west, is probably inherited from former pit-crater geometry. The shape of the northern pit-crater shows a collapse scar, highlighting the possibility of inward collapses affecting the rim. Outside the crater rim, scars can be observed, and were pointed out by Peltier et al. (2012) as being hydrothermally active. The northern one might have formed very recently as it is not present in the 1986, 1991, and 1996 sketch maps. The origin of these scars is unclear; they might result from explosive or from collapse events.
The DSM of the Yasur volcano has demonstrated the possibility of collapses affecting both the cone slopes and the crater rim. These destabilizations are small in volume, but they might constitute a real threat for the tens to hundreds of tourists visiting the volcano every day, in addition to the risks directly related to explosions.
To the south and east, the Yasur volcano lies on pre-existing edifices (Figs. 7, 8) . Around the cone, ring faults delimit the Paleo-Yasur caldera, less than 2 km in diameter, and with a 30 to 40 m total offset. This caldera affects an old edifice, inferred from erosional features, and is interrupted to the west. The reason for this interruption is unclear, such as the nature (resurgent or eruptive) of the old edifice. The western border of the caldera is occupied by two morphological units identified as being tephra cone relicts (Fig. 8) . These two relicts might be inherited from the same cone and might have been separated later by a destabilization event. In any case, recent lavas erupted from the base of the Yasur would cover such destabilization deposits. The complex morphology around the Yasur volcano reveals that the recent cone lies on top of a composite edifice that most probably resulted from a succession of constructive and destructive phases.
Instabilities of the Yenkahe dome
A great number of collapse scars have been identified on the dome (Fig. 6E) . Scars can be observed up on the northern flank of the dome, and related to slug-shaped features at the base. The high level of hydrothermal circulation within the flanks (Fig. 1) are likely to favor destabilization processes. Potential landslides therefore constitute a major threat for the Ipikel locality and for the scattered inhabitants along the Siwi River (Fig. 1) . The absence of similar structures on the southern flank may be attributed to less steep slopes, and to the buttressing effect of the Ombus edifice.
At the eastern termination of the dome, the DSM reveals multiple intersecting collapse scars represented by more or less horseshoeshaped structures oriented toward the sea (Fig. 6E) . These small collapses are recent, as they affect the recently emerged eastern parts of the dome (Chen et al., 1995; Merle et al., 2013) . Almost no faults are visible inside these collapses. Curiously, these scars exhibit a strongly curved geometry resulting in a more or less flat floor (instead of dipping toward the east). This might be a consequence of the recent uplift of the eastern dome (tilting structures). Up on the dome, a much larger-scale scar (MS, Fig. 6E ) seems to be related to a destabilization of almost one-third of the dome toward the east. Whereas small recent landslides are favored by steep slopes and high erosion rates on the coast, large-scale gravitational instabilities are more commonly attributed to low-competency altered material. Such slow destabilization might have taken place from the beginning of dome formation. Indeed, this might explain the curvedshaped of the graben master faults in the central part of the graben.
Volume estimations of collapses related to small eastern scars give orders of magnitudes of a few millions of cubic meters for each event.
The direction of the small collapses towards the sea suggests the possibility of a tsunami generated from the east of the Yenkahe dome. Such a tsunami would constitute a major threat to the main localities and the numerous tourist lodges located along the coast.
In order to get a rough estimate of the time propagation and wave run-up associated with one of these landslides, we conducted Volcflow simulations. For instance, the landslide considered in Fig. 10 corresponds to a volume of 8·10 6 m 3 . To counter the effect of the flat floor of these small collapses, and obtain the collapse of the entire volume, a low frictional retarding stress (20 kPa) was applied. Simulation results reveal that such a collapse event would generate a tsunami reaching the coast facing Port Resolution and Ipikel in 75 and 90 s, respectively (Fig. 10) . The maximum run up of 4 m would not affect the center of Port Resolution, which is located more than 10 m above sea level, but the impact on coastal activities would not be negligible, notably in the frequented Port-Resolution bay. In contrast, a 3 m-high wave could have serious consequences on the coastal part of Ipikel, which is located only 1 to 2 m above sea level. Indeed, traditional housing, mainly made of local materials (wood and leaves) supplemented by cheap constructing materials (sheet metal, etc.), appears to be relatively vulnerable to any kind of natural disaster. Other touristic structures further along the coast may be affected as well. Even the smallest landslides affecting the east of the dome may have dramatic consequences for the inhabitants and the tourist activity developing all along the coast.
We want to stress the point that this result should not be regarded as a plausible scenario, but as a possible order of magnitude for such an event. To compare with recent events, the 2002 landslide in Stromboli was in the order of magnitude of ten million cubic meters in volume and caused a run up of 10 m along the coast of the island (Bonaccorso , 2003) . In 1999, 2-to 5-m high sea waves striking the shore of Omoa Bay (Marquesas Islands, French Polynesia) were the probable result of the collapse of 2.4 million cubic meters of material 5 km away, whose effect was amplified by local bathymetry (Hébert et al., 2002) . Improved bathymetric resolution along the south-east shore of Tanna is necessary for increasing our understanding of these collapse features, and thus initiating hazard assessment of collapse-related tsunamis in the area.
Conclusions
Through 3D reconstruction of topography, high-resolution photogrammetry provides very useful information (quantitative, accurate and precise) for the structural analysis of volcanic edifices at a relatively low capital and logistical cost. North-south asymmetry of the caldera and the dome suggests an asymmetric source, and a trapdoor process for both the caldera collapse and the dome resurgence. The pattern resulting from the high-resolution mapping of faults and landslide scars reveals a complex history. The two perpendicular sets of linear faults probably reflect a two-phase history for the deformation at depth, involving the growth of an elongated dome followed by an eastward migration of the deformation source as suggested by previous authors. On the western side of the dome, the Yasur volcano lies on a composite volcanic edifice. Lastly, the present study highlights a great number of recent collapses, affecting the fast growing dome and the active volcano area. These events, which appear to be relatively frequent, directly or indirectly (via tsunamis) threaten the population of the Siwi caldera, the tourists and consequently the economy of the whole island.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.jvolgeores.2015.04.006.
